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Abstract
This project is about rill erosion. The aim is to test whether rill
initiation can be predicted from the shear strength of the soil as measured
with a torvane on saturated soil. This approach was set forward by Rauws
and Govers 1988. Rainfall simulation experiments are conducted at a plot
size 2x1m, performed in May on the Marbjerg experimental field. The
results are evaluated using a chain set to measure alterations of the surface
roughness as a result of the erosion, visual evaluation of photographs of
the soil surface to evaluate the topographic changes in the soil as a result
of the erosion is performed, and the velocity is measured with plastic
glitter used as a tracer. No erosion is observed due to a large hydraulic
conductivity in the soil, however, it is calculated that it is plausible that
rills can occur at the Marbjerg field under the right circumstance, and
that it is plausible that the Rauws and Govers model could be used to
predict the initiation.
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1 Introduction
Soil erosion is a naturally occurring process that takes place all over the world.
Soil erosion has been going on since the first land plants formed the first soil1.
Anywhere the earth surface is sloping soil erosion will take place to a smaller or
larger extend. However, since humans started altering the landscape in terms
of agriculture, deforestation, construction sites etc. the global amount of soil
erosion has accelerated2.
Figure 1: Accelerated erosion in south-central
Iowa. (Toy et. al. 2002 p. 2 edited by Ot-
tosen)
The accelerated erosion rate has devel-
oped into an environmental and societal
problem. When the soil for instance is
eroding from agricultural land it causes
a loss of nutrients in the farmland, which
reduces the possibility of plant growth,
and forces the farmer to supply more ar-
tificial fertilizer to his field. Furthermore
if the soil ends up in streams and rivers,
the nutrients carried by the soil is caus-
ing eutrophication.
The underlying assumption for this re-
port is, that the erosion process is a
physical process. This means that since
the laws of physics and especially me-
chanics are well understood, it should in
principle be possible to predict what will
happen during a specific rainfall event
from the fundamental laws of mechan-
ics. The reason why this in reality is not the case, is that the erosion system
is a highly complicated system with a lot of factors influencing the process. In
order to effectively prevent soil erosion, a careful understanding of the problem
is necessary. In order to take the effective means of delimiting soil erosion it is
necessary to be able to assess where the erosion problems are going to occur. It
is also important to be able to predict the amount of soil erosion happening at a
specific location. For this purpose various soil erosion models has been proposed
over the years. Knapen et al. 2007, p. 79 writes about this: ”The evolution
of the models shows the continuous attempts to remove empiricism by getting
a better insight into the erosion mechanics”. So there has been a movement
from empirical models towards more process based models. A specific approach
to assessing the amount of erosion is to measure a specific hydraulic parameter
and statistically relate it to the amount of erosion. The model set forward by
Rauws and Govers that is validated in this report belongs to this category of
models. This type of models are essentially empirical. However, compared to
earlier types of models like the USLE3 the models based on hydraulic param-
eters have the advantage of on the one hand beeing simple, and on the other
hand requiring less temporal and spatial averaging than USLE. Furthermore the
1(Favis-Mortlock, 2008)
2(Morgan, 2005, p. 2)
3Universal Soil Loss Equation for more information see
topsoil.nserl.purdue.edu/usle/index.html
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models based on the hydraulic parameters have the advantage, that they can be
universally applied, whereas the USLE can only be applied to areas where it has
been tested before, due to its foundation in an index database. ”The simplic-
ity of using simple hydraulic parameters for detachment prediction makes these
models very useful for practical application”4. The advantage of simplicity of
the models based on hydraulic parameters is on the same time one of the main
disadvantages.
”Research indicates that the soil’s erosion resistance to concentrated
flow is influenced by almost any soil property turning it into a com-
plex concept with a high temporal and spatial variabillity (. . . ) that
is not yet fully understood”5.
This means that relating the soils resistance to erosion to one parameter is an
oversimplification, that will result in lack of validity in some situations. This
can also be seen on the processes as described in section 2. Furthermore there
is the problem of choosing the right parameter to estimate the erosion from.
Rauws and Govers propose that the initiation of rills is determined by the shear
velocity defined as:
v∗ =
√
gRS
Where v∗ is the critical shear velocity for the initiation of rills, g is the grav-
itational constant, R is the hydraulic radius of the flow, and S is the slope.
They also state that the critical shear velocity for the initiation of rills is lin-
early dependent on the cohesion of the soil (see section 3 for more information).
This makes it fairly easy to assess the conditions necessary for the initiation
of rills. Other variables have been proposed as predictor variables for the ini-
tiation of rills6: Water depth(d)7, total discharge(Q = vA)8, unit length shear
force (Γ = ρgAS)9 or stream power(ω = τv)10. Where v is the velocity of the
flow, A is the cross-sectional area of the flow, ρ is the density of the flow, τ is
the flow shear stress and v is the velocity of the flow. Rauws and Govers model
was chosen because it is a simple model and it is easy to assess the critical
parameter compared to the other factors mentioned above. Furthermore the
model has not been validated before. When performing a search at ISI Web of
Knowledge, it is seen that the article has been cited 52 times. It is used in a lot
of different connections, but no actual experimental validation of the model has
been performed before. This is also an argument for the choice of model. This
has led to the following problem formulation:
1.1 Problem Area
Is Rauws and Govers model for the initiation of rills able to identify
rill initiation at the Marbjerg field?
4(Knapen et al., 2007, p. 79)
5(Knapen et al., 2007, p. 79)
6(Knapen et al., 2007, p. 77)
7(Merz and Bryan, 1993)
8(Rose et al., 1983)
9(Gimenez and Govers, 2002)
10(Zhang et al., 2003)
2
In other words the aim of the project is to examine the erosion process and
the initiation of rills, with a special attention to the physical factors influencing
the erosion process. Furthermore I will also examine the model by Rauws and
Govers, and experimentally validate whether or not rills will occur at the Mar-
bjerg field as predicted by the model. Lastly the purpose of the project is also
to examine the requirements for a more comprehensive validation of the model.
Other approaches to the initiation of rills that would have benefitted the
analysis could have been taken, however, due to the limited time/ressources/interest
I have delimited the project from the following aspects:
• The soil chemistry plays a crucial role in the erosion process, especially in
relation to the composition of humic acids, which would have provided a
more detailed explanation of the aggregation and aggregate stabillity of
the soil.
• The effect of crops on the erosion process is often examined, however, to
keep the experiment simple I have delimited myself from the influence of
crops on the erosion process. Furthermore it is not possible to study mi-
crotopography, using photogrammetric methods (see section 1.3 for details
on photogrammetry) if the soil surface is disturbed by plant cover.
• Lastly I have delimited the project from dealing with the agricultural
practice on the field. This off course influences the erosion process in the
way that it alters the soil structure in terms of compaction, stress, strain
etc. This again influences the aggregation of the soil and thereby the
infiltration capacity of the soil. It would however take the project too far
and remove the focus from the soil physics, which is the main focus of this
project.
1.2 Target Group
This project is written for students of soil erosion, studied from a perspective of
physics, geography, agricultural engineering etc. Researchers in the field of soil
erosion could also benefit from reading this report in relation to the construction
of a rainfall simulator. Furthermore researchers dealing with topics related to
Rauws and Govers model, could benefit from reading this report. In order to
understand this project a fundamental knowledge of soil science is required. An
understanding of the formation of soil, soil’s main constituents and soil texture
and structure is pressupposed. In the explanation of the processes of soil erosion
in section 2 Newton’s laws of classical mechanics will be used. It is therefore
assumed that the reader is familiary with Newton’s laws and how they are
applied to fluids. Lastly an understanding of the hydrology of water infiltration
into soils will be beneficial to the reader of this report.
1.3 Method
In order to answer the problem formulation both theoretical and empirical ap-
proaches has been used. The main way to answer the problem formulation
consists of a rainfall simulation study on a 2x1m plot conducted at the Mar-
bjerg Field. This is due to the fact that in order to study erosion processes,
3
you are dependent on a rainfall taking place. Quoting lecturer at Cranfield
University R. J. Rickson:
”Given that rainfall is the major factor initiating soil erosion by
water (. . . ) make setting up of erosion experiments under natu-
ral rainfall at best extremely difficult and at worst a waste of time
(. . . )”11.
Because the process of study is already complicated enough, there is no need
to make it more complicated by working with natural rainfall. The set-up
parameters for this experiment was gained through a litterature study of sci-
entific articles, where others have been conducting experiments approximately
similar to mine. The rainfall simulator experiment were performed four times
distributed over three microplots at the Marbjerg field. This was a weighing
between getting the necessary data and the respect to the limited time avail-
able to perform the experiments. As described in more detail in section 5.4 the
experiments were performed following the approach of Morgan et al. 1997 as a
prewetting followed by the performance of the actual experiments.
Following the approach of Lascelles et al. 2002 pictures of the soil surface
before and after simulated rainfall were taken with a Canon ixus 800is digital
camera. However, due to lack of time, DEMs were not created but the pictures
were evaluated visually instead. The purpose of this is to qualitatively evaluate
the spatial changes following a rainfall. In this way it is also possible to make
qualitatively good comparisons between the topography of the plot before and
after the applied rainfall.
Following the approach of Merrill et al. 2001 quantitative indications of
qualitative changes in the surface roughness were measured before and after the
applied rainfall. This was done using a chain set consisting of two chains of
length 1m. When placed on the soil surface, the shortening of the chains func-
tions as an indication of the surface roughness. The plots were measured 6 times
lengthwise on each square meter and 13 times crosswise both with an interval
of 15cm before and after applied rainfall. This was done to get a good spatial
distribution in the measurements following the description from Merrill et al.
2001. When there is a difference in link length of the chains it is furthermore
possible to qualitatively indicate the changes to respectively larger and smaller
soil clods. This method was chosen for its simplicity and relatively fastness in
providing qalitative measurements of the surface roughness.
Before the applied rainfall the water content was measured using retention
rings. This was done before the actual experiments but after the prewetting, to
evaluate how close to saturation the soil was. This is an important parameter
to consider when discussing the results of the experiments.
Before the applied rainfall the apparent cohesion was measured with a tor-
vane following the description of Rauws and Govers 1988. This was done to be
able to calculate the critical shear velocity necessary for the initiation of rills.
11(Rickson, 2001, p. 2)
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During the applied rainfall the flow velocity was measured using glitter as
a tracer. This was done by visual evaluation of how far the flow had travelled,
and using a stopwatch to measure the time needed to pass a certain distance.
Rauws and Govers 1988 used potassium permanganate as tracer, but due to
the harmful effects on the environment of this chemical, glitter was chosen as
a better option. Due to experience this also turned out to provide acceptable
results when used in considerable amounts.
Furthermore the median diameter of the water stable aggregates were esti-
mated using the mean percentage of soil carbon, and a pedotransfer function of
Le Bissonnais et al. 2007 relating the soil organic content to the median diam-
eter of the water stable aggregates.
Following the approach of Rauws and Govers 1988 it is from the knowledge
of the median diameter of the water stable aggregates, the average flow velocity
and the apparent cohesion possible to evaluate whether or not rills are supposed
to occur under the simulated rainfall. For more information see section 3.
Lastly in order to be able to discuss the results from the experiment, two
tests of the rainfall simulator were conducted. The firts test is to test the spatial
distribution of the simulated rainfall. 55 1l measuring cylinders were placed on
the plot while the rainfall simulator was positioned on a plane surface. The
number of cylinders were chosen due to experience to get a good coverage of the
plot area. The choice of 1l cylinders were due to their relative large diameter
and that they should be able to contain the expected amount of rainfall from a
10 minutes high intensity rainfall. The artificial rainfall was applied for 12 min-
utes as described by Rickson 2001, p. 30 ”to allow any short term fluctuations
to cancel out”, whereafter the content of each of the measuring cylinders were
recorded. This was used to calculate the coefficient of variation.
The second test consisted of examining the drop size distribution of the
rainfall simulator. This was done following the method of Laws and Parsons
1943 using the flour pellet method. This method was chosen because it was
simple and low-tech compared to other ways to do this and provides fairly
precise results.
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2 Soil erosion processes
This section will cover the theoretical aspects of soil erosion seen from both a
modelling and a spatial approach. The aim is to explain the different processes
related to soil erosion in both qualitative terms and by the use of formulas,
thereby providing the foundation for what can be expected to happen during
the erosion experiments. Furthermore this section provides a framework for the
understanding and interpretation of the results from the experiments.
This section will cover the spatial processes of soil erosion one by one in
the order they appear in a natural rainfall. This means starting with the effect
of rainsplash, moving on to the effect of ponding, thereafter continuing in the
process of sheet erosion and lastly rill erosion.
2.1 Rainsplash
The effect of rainsplash is the first effect on the soil during a rainfall event.
The effect is caused by the impact of the raindrops, when they collide with the
surface, thus delivering their kinetic energy and momentum to the aggregates at
the surface. This has two main effects - the breaking of interaggregate bonds and
the breaking of intraaggregate bonds. The first one resulting in the detachment
of aggregates and the second resulting in the detachment of primary particles
12.
Figure 2: The effect of splash on cohesive and non-cohesive soils. (Toy et. al.
2002 p. 81)
Rainsplash can not move the soil more than a few centimeters13. The de-
tached particles will be influenced by gravity and moved a short distance downs-
lope, but according to Favis-Mortlock 2008 it is more or less redistributed back
12(Morgan, 2005, p. 18)
13(Favis-Mortlock, 2008)
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over the surface. Splash transport can be expressed by the relationship14:
Tr ∝ IjSf
Where I is the intensity of the rainfall, S is the slope of the soil surface and
j and f are experimentally determined constants. Although rainsplash doesn’t
have a huge influence in relation to the movement of soil, it has a major influ-
ence in bond breaking. In non-choesive soils, the individual raindrop creates a
small crater, where the soil particles are briefly entrained in the crater flow. As
the flow continues outwards from the center of impact, the transport capacity
declines, and the soil is again deposited15. Craters are not formed in cohesive
soils. This is due to the bonding between the aggregates. In cohesive soils,
most of the kinetic energy of the raindrop is spend on breaking bonds. This
also means, that the amount of soil moved by rainsplash is cosiderably smaller
on cohesive soils, than on non-cohesive soils16.
Experimental studies show, that the rate of detachment by rainsplash is pro-
portional to the instantaneous intensity of the rainfall and the slope of the soil
surface17:
Dr ∝ IaSc
Where a and c are experimentally determined constants, I is the intensity of
the rainfall and S is the slope of the soil surface. Other studies show that the
rate of detachment is proportional to the kinetic energy of the rainfall, but is
exponentially decreasing in relation to the depth of the surface water:
Dr ∝ KEbSce−dh
Where b and c are experimentally determined constants, KE is the kinetic
energy of the rainfall, S is the slope of the soil surface and h is the depth of the
surface water. Rainsplash also has another major influence on the erosion event.
Figure 3: The disintegration of a rain-
drop from time of impact. (Hillel 2004
p. 293)
When aggregate breakdown takes
place, it can result in clogging of soil
pores, thus reducing the infiltration
capacity. This process is known as
crusting18. Another similar effect is
that the impact of the raindrop can
cause the compaction of the soil, which
as well reduces the infiltration capac-
ity.
The effect of rainsplash can be under-
stood in terms of competing forces.
In this process there are three forces
determining the movement of the soil
particles: The force resulting from the
combined kinetic energy and surface
14(Morgan, 2005, p. 20)
15(Toy et al., 2002, p. 80)
16(Toy et al., 2002, p. 80)
17(Morgan, 2005, p. 19)
18(Morgan, 2005, p. 17)
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tension of the raindrop, the interag-
gregate forces constituting the force between the aggregates mainly resulting
from bonding through humic acids, and the intraaggregate forces resulting from
the capillary effect. The process of rainsplash is non-selective. This means that
it detaches a soil particle distribution that is similar to the soils particle size
distribution19.
2.2 Ponding
If the soil gets saturated from the rainfall or the intensity of the rainfall is
larger than the hydraulic conductivity of the soil, ponding will occur. Ponding
or surface water is the process when water is gathering in surface depressions.
This effect arrises when the water supplied to the surface is greater than the soil
infiltration capacity. The infiltration rate of the soil starts high at the beginning
of the storm, if the soil is less than saturated. Thereafter it approaches constant
as the soil becomes saturated20. This is a result from the fact that the storage
pores of the soil are getting filled, thereby reducing the capillary forces pulling
the water down into the soil. When ponding occurs, the water has lost all
it’s kinetic energy. This means that this process can not detach any further
particles, however as the amount of ponding increases, the effect of rainsplash
diminishes. There is currently discussion about the depth of ponding before
the effect of splash is eliminated. Some studies suggest 1
5
of the drop diameter
whereas other studies suggest one times the drop diameter as critical water
depth 21.
Figure 4: Effect of surface roughness and slope on ponding and sheet erosion.
(Hillel 2004 p. 284)
2.3 Sheet erosion
As the depth of the ponding becomes larger than the scale of the microtopog-
raphy, run-off starts to take place. This means that water will start flowing
downslope under the influence of gravity as seen on figure 4. This movement
can be explained in exactly the same way as the movement on a sloping plane
known from classical mechanics, except that in this case it is a moving liquid
and not a moving object.
The following derivation is based on Rose 2004. It follows from Newton’s 2nd
19(Toy et al., 2002, p. 82)
20(Morgan, 2005, p. 13)
21(Morgan, 2005, p. 19)
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law that the force in the direction downslope can be defined as:
Fd = ρgDsin(α) ∗∆x
Where ρ is the density of the water, α is the angle of repose, g is the gravitational
constant, D is the depth of the water, and ∆x is the length of the element of
water in focus. sin(α) is the slope of the plane, and will from now on be called
S. At the same time there is also a force resulting from the friction between the
water and the surface:
Fu = τ∆x
Where τ is a coefficient of friction. Since the shear stress can be described as a
drag force:
τ = Cd ∗ 1
2
ρV 2
Where Cd is the drag coefficient and V is the velocity of the flow. This means
that the flow will accelerate downslope if Fd > Fu or decellerate if Fd < Fu.
In most situations however, the difference is so small, that it will be a good
approximation to assume that the two forces are equal in magnitude. This
condition is referred to as ”normal flow”. Using this approximation and solving
for the flow velocity:
Cd ∗∆x ∗ 1
2
∗ ρ ∗ V 2 = ρ ∗ g ∗D ∗ S ∗∆x m
Cd ∗ 1
2
∗ V 2 = g ∗D ∗ S m
V 2 =
2g
Cd
∗D ∗ S m
V =
(
2g
Cd
) 1
2
∗D 12 ∗ S 12
This result is known as Chezy’s equation. Due to experimental evidence an Irish
engineer Manning found that he obtained better correlation between the theory
and his experimental results, if he altered Chezy’s equation in the following way:
V =
S
1
2
n
∗D 23
This result is known as Manning’s equation. The term n is the Manning’s rough-
ness coefficient. The rougher the surface, the slower the flow. As seen from the
derivation, the rougher the surface, the more friction will the run-off experience
and the slower the velocity.
This leads me to the next conception in the discussion of sheet erosion, which
is strongly correlated to the conception of friction. When the run-off starts to
flow the flow is called laminar, which means that the streamlines of the flow
lies parallel to each other, and that the velocity of the flow is constant at a cer-
tain position. As the flow experiences friction with the surface, boundary layer
effects will occur and the flow will undergo a gradual transition into turbulent
flow. This characteristic is fundamental to the understanding of detachment
and transport of soil particles. The amount of turbulence in a flow can be ex-
pressed by the Reynold’s number defined as:
Re =
ρvd
µ
9
Figure 5: Newtonian analysis of detachment of aggregates (based on Morgan
2005 p. 42)
As seen on the simplified model of aggregate detachment as presented in
figure 5, the aggregates are subjected to an external force applied by the flowing
water. This force can then be split up in two composants one acting parallel to
the flow called the Drag force and one acting perpendicular to the flow called
the lift force. The lift force is a result of the Bernoulli equation22:
p+
1
2
ρv2 = const
Where p is the pressure, ρ is the density of the water and v is the velocity of
the run-off. This means that as the flow is moving along the aggregate, it is
accelerated. This results in a lower pressure at the top of the aggregate, that
will drag the aggregate upwards. Furthermore since the flow is turbulent, there
will be flow velocities close to the ground acting in upwards direction 23. This
will result in a torque around the point A equal to:
~N = ~r × cos(t) ~D
Where ~N is the torque around the point A, r is the radius of the aggregate, t
is the angle between the line from the center of the aggregate to the point A
and vertical, and D is the drag force. As soon as the resulting torque is greater
22(Herczeg et al., 2007, p. 23)
23(Morgan, 2005, p. 42)
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than zero, the aggregate will start a rotation in the direction of flow. This is a
simplified explanation of the mechanism of detachment. As stated earlier, the
turbulence of the water is one of the driving forces in detaching aggregates.
At the same time there is a competing process going on in the flow, which is
the process of deposition of sediment. Again the sediment particles are acted
on by two forces: The force of gravity pulling it down towards the bottom, and
the drag force trying to slow it down. According to Rose 2004, p. 108 the drag
force is given by:
D = Cd ∗A ∗ 1
2
ρv2
Applying this to an assumed spherical aggregate of diameter d:
D = Cd
1
4
∗ π ∗ d2 ∗ 1
2
ρv2
Using archimedes principle, the apparent weight of the aggregate when immersed
in water is:
mapp = mg − ρm
σ
g
Where σ is the density of the aggregate. Inserting the correct expression for the
particle’s mass yields:
mapp =
1
6
σπd3g − ρ
1
6
σπd3
σ
g
Equating the particles immersed weight to the drag force gives:
Cd
1
4
∗ π ∗ d2 ∗ 1
2
ρv2 =
1
6
σπd3g − ρ
1
6
σπd3
σ
g m
Cd
1
4
∗ π ∗ d2 ∗ 1
2
ρv2 = g
(
1
6
σπd3 − ρ
1
6
σπd3
σ
)
m
Cd ∗ π ∗ d2 ∗ ρv2 = g
(
8
6
σπd3 − 8ρ
1
6
σπd3
σ
)
m
Cd ∗ π ∗ d2 ∗ ρv2 = 8
6
g
(
σπd3 − ρσπd
3
σ
)
m
Cd ∗ d2 ∗ ρv2 = 8
6
g
(
σd3 − ρσd
3
σ
)
m
Cd ∗ d2 ∗ ρv2 = 8
6
g
(
σd3 − ρd3) m
Cd ∗ ρv2 = 8
6
g (σd− ρd) m
Cd ∗ ρv2 = 8
6
dg (σ − ρ) m
Cd ∗ v2 = 8
6
dg
(
σ
ρ
− 1
)
m
v2 =
8dg
6Cd
(
σ
ρ
− 1
)
m (1)
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At low Reynold’s numbers where the flow is laminar, and the velocity is slow,
the Cd can be approximated by the expression
24
Re
. Substituting this expression
into equation 1 gives the following expression:
v2 =
8dg
6 24
Re
(
σ
ρ
− 1
)
m
v2 =
8dgRe
144
(
σ
ρ
− 1
)
m
v2 =
dgRe
18
(
σ
ρ
− 1
)
m
v2 =
dg ρvd
µ
18
(
σ
ρ
− 1
)
m
v =
d2g ρ
µ
18
(
σ
ρ
− 1
)
m
v =
d2gρ
18µ
(
σ
ρ
− 1
)
m
v =
d2g
18µ
(σ − ρ) m (2)
So, we have two processes determining the amount of soil erosion as sheet ero-
sion. The rate of detachment versus the rate of deposition. As seen from equa-
tion 2, the rate of deposition is proportional to the diameter of the aggregate
squared. This means that larger aggregates will settle considerably faster than
smaller aggregates. Therefore the run-off is depleted of coarse particles.
Summing up, the overland flow can be seen as two competing processes - de-
tachment and deposition. If detachment is greater than deposition, the run-off
is enriched with sediment, whereas if deposition is greater than detachment, the
run-off is depleted of sediment. When the flow transits into turbulent flow, there
will be some particles that in reality are’t deposited before the slope declines.
This group of particles are constantly driven upwards by the upwards moving
streams in the eddies. Therefore this group is often called suspended and set as
representative for the flow’s transport capacity.
Instead of interpreting the flow in terms of deposition and detachment, it is also
possible to interpret it in terms of detachment and transport. Then the run-off
can be either detachment limited, if the flow’s transport capacity is greater than
the detachment rate at a spatial point, or transport limited if the detachment
rate is greater than the flow’s transport capacity at a spatial point. The later
case will pretty quickly result in deposition.
2.4 Rill erosion
When the rainfall event has been going on for an amount of time, it is often found
that the overland flow is partly substituted by small channels called rills. There
is considerably discussion about the cause of the initiation of rills, however,
there is agreement on that rills occur at a critical distance downslope24. What
is also known, is that the flow in rills is accelerated compared to overland flow.
24(Morgan, 2005, p. 28)
12
Figure 6: Detachment, transport and deposition in relation to flow speed and
aggregate size. (Morgan 2005 p. 43)
This results in further detachment because of the increased turbulence in the
water, which again results in more erosion. It has been shown, that rills emerge
in four stages25: Unconcentrated overland flow, overland flow with concentrated
flow paths, microchannels without headcuts and microchannels with headcuts.
Figure 7: Headcuts and chutes in rills. (Toy et. al. p. 89)
As can be seen on figure 7 when the headcuts have been created, they will
move upslope, thus expanding the rill in the upwards direction. This is fairly
obvious since the headcuts are subjected to larger frictional forces than the
overland flow upstream of it, and not before the cohesion in the soil is equal in
magnitude to the frictional force will the movement stop. This means, that when
the rill has been created it will only expand in two dimensions, the width and
the depth. As seen on figure 8 in non-cohesive soils the rill will widen in both di-
rections, where in cohesive soil the rill will widen mainly downwards. The same
25(Morgan, 2005, p. 28)
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Figure 8: Rilldevelopment over time. (Toy et. al. p. 90)
features of detachment and deposition that were present during sheet erosion,
are off course also present during rill erosion, however, as already mentioned
since the turbulence is bigger in rill flow, the run-off has a greater possibillity of
detaching particles. The widening of the rills perpendicular to the flow direction
can to a large extend be considered a result of wall collapse26. Furthermore if
we compare rill erosion to sheet erosion, there is one more striking similarity.
The rill erosion receive sediment from the sheet erosion, which again makes it
possible to view it as two compartments, where the one can be greater than
the other. If the sediment delivery from the sheet erosion is greater than the
transport capacity of the rill flow, it will result in deposition. On the other hand
if the transport capacity of the rill flow is greater than the sediment delivered
from the sheet erosion, the process will be detachment limited.
Summing up, I have now illustrated that soil erosion is fundamentally gov-
erned by two processes: Detachment and deposition. I have also illustrated that
detachment takes place mainly in rainsplash and rill erosion, whereas transport
mainly takes place in sheet erosion and rill flow. The main deposition will in
most cases occur downslope, where the slope is declining. This means that the
run-off is loosing its kinetic energy and thereby as well its abillity to transport
and detach soil particles.
26(Toy et al., 2002, p. 88)
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3 Rill initiation model by Rauws and Govers
In this section I will cover the model for the initiation of rills set forward by
Rauws and Govers. The model uses both theoretical considerations and empiri-
cal relations to propose its hypothesis. This section will start with an introduc-
tion to the theoretical conceptions originating in the field of river hydraulics,
that serves as the basis for the model by Rauws and Govers. Afterwards the
litterature study and the experiments performed by Rauws and Govers will be
briefly covered, in order to explain how they arrived at the relationship. This
will serve as a foundation for the testing of the model performed in section 5
3.1 Tractive force approach to friction
Figure 9: Newtonian analysis of the forces in open-channel flow. (McCuen 1989
p. 725)
This section is based on McCuen 1989. When the run-off flows over the soil
a friction force is exerted on the soil particles as illustrated on figure 5. By
looking at figure 9 the complete analysis of forces is illustrated. Looking at the
force equilibrium for the soil particles in the soil bed results in the following
equation:
Fu +Wsin(α) = Fd + τPwL0 (3)
This result applies for uniform flow meaning that the cros-sectional area of the
flow and the mean velocity must be constant27. This means that the upstream
hydrostatic force (Fu) and the downstream hydrostatic force (Fd) are constant
and can therefore be divided out. W is the weight of the fluid element defined
as the density(ρ) times the gravitational constant(g) times the volume(V ) of
the fluid element. τ is the shear stress acting on the soil surface defined as a
force pr. area. Pw is the wetted perimeter which is the length of the contact
surface between the liquid and the soil bed28, and L0 is the length of the fluid
27(Hamill, 1995, p. 74)
28(Hamill, 1995, p. 216)
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element considered. Solving equation 3 for the shear stress yields:
τ =
Wsin(α)
PwL0
(4)
Substituting sin(α) with S and the definition of W into equation 4 gives:
τ =
ρGAL0S
PwL0
τ = ρGRS R =
A
Pw
(5)
Where R is called the hydraulic radius29. Equation 5 is a very important result
since it relates the shear stress of the flow to the shear velocity of the flow. By
definition the shear velocity is defined as30:
U∗
2 ≡ τ
ρ
= GRS
In the model for rill initiation by Rauws and Govers they use the shear velocity
as the parameter to determine whether rills initiate or not.
3.2 Darcy-Weisbach friction factor
This section is based on Hamill 1995, p. 348-349. The Darcy-Weisbach equation
is an equation describing the head loss31 due to friction in pipe flow. This means
that the frictional force in the pipe will be equal to:
Figure 10: Head loss in pipe flow. (Hamill 1995 p. 348)
Fτ = (P1 − P2)A
29(Hamill, 1995, p. 217)
30(Nezu and Nakagawa, 1993, p. 13)
31Reduced pressure as represented by the reduced height in column of water (Hamill, 1995,
p. 95)
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Where P1 and P2 are the respective pressures at two distant points in the pipe
as seen on figure 10, and A is the area of contact between the liquid and the
surface. Equating this to the general expresion for total frictional resistance on
a plane surface32 gives:
(P1 − P2)A = KAPV 2
Both sides are divided by ρg and rearranged to obtain the head loss:
hF =
KAPV
2
Aρg
Where hF is the head loss. Since the area of wetted surface equals the wetted
perimeter times the length:
hF =
KPLV 2
Aρg
Where P is the wetted perimeter, and L is the length of the pipe section in
consideration. Substituting P and A with the hydraulic radius:
hF =
KLV 2
Rρg
This can also be written as:
hF =
(
K2g
ρg
)(
LV 2
2gR
)
(6)
Then Darcy’s friction factor which I’ve chosen to denote (λ) is the first part of
equation 6 equating:
hF = λ
LV 2
2gR
(7)
According to convention, the Darcy friction factor has to be four times larger.
Therefore multiplying both sides of the equation by four, and substituting 4λ
with f :
4hF = f
LV 2
2gR
If we look at a pipe section of the length 1, then we obtain the following result:
4sin(α) = f
V 2
2gR
Where α is the slope of the total head line33. If we try to isolate Darcy’s friction
factor:
4sin(α) = f
V 2
2gR
8GRS = fV 2 S = sinα
32Obviously the head loss has to be proportional to the area of contact since friction is
a result of two surfaces sliding against each other. Furthermore Reynolds showed that in
laminar flow the head loss is proportional to the velocity (V ) and in turbulent flow the head
loss is proportional to the velocity squared (V 2) (Hamill, 1995, p. 172)
33Line representing the total head of the flow in the pipe
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8GRS
V 2
= f (8)
If looking at the nominator of the fraction in equation 8, it is visible that it is
eight times the shear velocity squared as derived in section 3.1. This is very
important because, this provides us with a fairly easy way to calculate the shear
velocity:
8U∗
2
V 2
= f m
U∗ =
√
fV 2
8
This means that we only need to know the Darcy-Weisbach friction factor and
the velocity of the flow in order to calculate the shear velocity.
3.3 Calculation of the Darcy-Weisbach friction factor
The following section is based on Savat 1980. For the case of laminar flow, the
velocity depends only on the kinematic viscosity:
v =
GSR2
3ν
ν =
µ
ρ
Applying the definition of the Reynold’s number:
Re =
4vR
ν
l
ν =
4vR
Re
v =
GSR2Re
3(4vR)
v2 =
GSRRe
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Hereafter the Darcy-Weisbach friction factor is applied:
f =
8GRS
v2
S =
fv2
8GR
v2 =
Gfv2RRe
12(8GR)
1 =
f Re
96
96 = f Re
f =
96
Re
According to Savat 1980 this is only true for smooth surfaces. For rough surfaces
the number of 96 has to be increased. This is obvious due to the fact that a
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more rough surface must have a larger Darcy-Weisbach friction factor. This
means that the equation results in:
f =
K
Re
(9)
According to Savat 1980 it follows from eksperimental results that K can be
expressed in the following way:
K
96
= 1 +
D1.25 ∗ S0.40
263
Where D is the bottom roughness in microns and S is the slope. However,
Rauws and Govers use an approximation in their calculation of K, which I will
return to in the next section.
3.4 The initiation of rills
This section is based on Rauws and Govers 1988. Rauws and Govers use the
tractive force approach as described in section 3.1. In their article they relate
the grain shear velocity for the initiation of rills to the apparent cohesion of the
soil as measured with a torvane. Their research consist of two parts. First a
litterature study where they analyse data obtained by other to determine the
shear velocity and thereby relate the initiation of rills to the apparent cohesion,
then a laboratory experiment to acurately determine the relationship.
In the litterature study they analyse data obtained by Verreydt 1981, Savat
1976, Quansah 1985, D’Souza and Morgan 1974, Moss et al. 1979 and Govers
1985 in relation to slope and discharge. These hydraulic properties permit the
calculation of the shear velocity of the flow. To do this they use the computer
program of Savat, that is partly described in section 3.3. From this analysis
they see a linear dependency between the sediment concentration and the shear
velocity. From the litterature study they sum up: ”Generally, it is concluded
that sediment detachment by overland flow is related to the shear velocity. (. . . )
The shear velocity will, therefore, be a valuable parameter for the prediction of
incipient bed erosion and rill generation”34 They also argue for the connection
between the apparent cohesion and the shear velocity. They conclude on this
topic that acurate data is lacking on this relation. This litterature study serves
as a basis for their own laboratory experiments.
The laboratory experiment consists of simulating overland flow with and
without applied rainfall. This is performed on topsoil material sampled at vari-
ous geographic locations. The surface roughness is also variable on the different
types of soil. The cohesion is measured with a torvane after each experiment.
Theoretically Rauws and Govers distinguish between grain roughness and
form roughness. In the lab experiments the relevant parameter to measure is
the shear velocity due to the grain roughness. This means that the Darcy-
Weisbach friction factor as derived in section 3.2 can be split up in the following
way:
ft =
8GRgS
v2
+
8GRfS
v2
34(Rauws and Govers, 1988, p. 116)
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Where Rg is the hydraulic radius due to grain resistance, and Rf is the hydraulic
radius due to form resistance. This means that the effective shear velocity
equals:
ug =
√
fgv2
8
The grain friction factor is then calculated according to equation 9. To deter-
mine the konstant K in equation 9 the median diameter of the water stable
aggregates is used as an approximation. From the laboratory experiments they
arrive through regression at a linear relationship between the effective shear
velocity (ugcr) in
cm
s
necessary for rill initiation and the apparent cohesion (C)
in kPa:
ugcr = 0.89 + 0.56C r
2 = 0.96
This is the empirical relationship between the critical value of the effective shear
velocity for the initiation of rills and the apparent cohesion as determined by
Rauws and Govers.
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4 Introduction to the empirical work
This section will cover the empirical work related to this project. The empirical
work consists of three elements a series of rainfall simulation experiments as
described in section 5, two tests of the rainfall simulator described in section 6
and a lab experiment described in section 7. For the sake of readabillity I’ve
chosen to treat each experiment separately in their respective sections where I’ll
cover the design and setup, the procedure, the results and the errors and uncer-
tainties of the experiments. The analysis of the empirical work in relation to my
problem formulation is postponed to section 8, because it is easier to relate the
experiments to each other and to the problemformulation, when the reliabillity
of the experiments is established, which is the purpose of these sections.
5 Rainfall simulator experiment
Since the rainfall simulation experiment is the main experiment in this project,
plus the experiment where I validate the model by Rauws and Govers, I will
present this experiment first. The description of this experiment will also cast
light on the aim of the experiments to come. In this section I’ve elaborated a
lot on the design of the experiment. This is due to the fact that this experiment
is far from standard and a lot of considerations, had to be taken into account
when designing this experiment. Furthermore this experiment is as well by far
the most complicated of the three experiments in this report, and therefore I’ve
spent more lines on the description of this experiment. Lastly it is also necessary
to have a careful understanding of the design parameters of this experiment in
order to be able to judge the reliabillity of the results.
5.1 Structure of the rainfall simulator
As can be seen from figure 11 and figure 12 the main part of the setup consists
of a gazebo equipped with a Lechler 460.968 plastic nozzle inside attached with
cable ties to the ceiling. The gazebo is equipped with eight guy ropes to ensure
stabillity. The nozzle’s job is to atomize the water into drops, thereby simulating
a rainfall event. The subject of the rainfall is the soil inside the plot. The plot
consists of a 2x1m area clear-cutted of crops. In this case I’ve used what is
called an open plot, which means that there is no framework to enclose the
plot. The advantage of this approach is, that the study area is behaving like
natural erosion. When the plot is enclosed by a framework, boundary effects
will occur around the frame, that doesn’t accurately resemble natural erosion.
Contrary to this is that meanwhile a framework would hinder the movement of
the sediment in crosswise directions and from upslope into the plot, it would
make sure that the erosion observed only came from the area in study and not
from the sides and the top. To collect runoff and erosion a gerlach trough is
hammered into the soil in the downslope end of the plot so that the bottom is
level with the surface. The water to the experiment is supplied through a water
hose from a tap at the university. As seen on figure 11 and as well on figure 31
on page 65 the rainfall simulator was controlled from a control unit consisting of
a Danfoss Socla 11 bis RC pressure reducing valve, a manometer and two taps.
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The purpose of this unit was to be able to control the water pressure in the hose.
This is important because the more pressure in the hose the more water will flow
through the nozzle, and the larger will the intensity be. Contrary to this, more
pressure also results in smaller drops, which then has a lower kinetic energy and
thereby reduces the amount of splash erosion. According to the manufacturer
the pressure-volume relationships can be described by this formula35:
V2 = V1 ∗
(
p2
p1
)0.4
Lastly the gazebo is equipped with FarmFlex c© wind net to prevent the wind
from interfering with the experiment. The purpose is that the rain should fall
strictly vertical without interferences from the wind.
5.2 Rainfall simulator specifications
Characterizing a natural rainfall involves several parameters. In order to build a
set-up that acurately simulates a natural rainfall, several factors has to be taken
into consideration. The most important variables when describing a rainfall is
according to Toy et al. 2002, p. 26 rainfall amount, kinetic energy, momentum
and intensity. I’ve adopted this practice in my experimental design while ex-
panded it to also consider drop size following the approach of Laws and Parsons
1943 and pressure in the hose following the approach of Morgan et al. 1997. I
will go through the individual specifications of the rainfall simulator in this sec-
tion. My choice of rainfall simulator specifications are to a large extend based
on readings of articles about similar experiments. Where possible I’ve tried to
make my own calculations of the properties, to get a more precise estimation of
the specifications.
5.2.1 Intensity
The intensity of a rainfall is measured in mm
hr
. This means, that the intensity
times the surface area considered gives the volume of water arriving in an hour.
Based on a reading of Morgan et al. 1997; Poesen et al. 2003 I’ve decided that
the intensity should be between 60mm
hr
and 75mm
hr
. This is due to the fact that
quite high intensity is needed in order for rills to initiate. These values can then
be calculated into a volume in this way:
60mm
hr
60min
hr
= 1
mm
min
= 0, 1
cm
min
∗ 100cm ∗ 100cm = 1000 cm
3
min
= 1
l
min
(10)
The same calculation can be done for 75mm
hr
yielding 1, 25 l
min
. This means,
that for every m2 covered by the nozzle, it has to be supplied by 1− 1, 25 l
min
.
5.2.2 Amount
The only source I’ve been able to find, that writes something about rainfall
amount is Poesen et al. 2003, p. 107. Based on this review, I’ve estimated the
amount of rain needed will be 10−15mm at a maximum 20mm. This is basically
35(Lechler, 2008, p. 3.6)
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because this is what they’ve used in the other rill studies reviewed in this article.
This means that the rainfall simulation experiment(s) will last 10− 15min, and
a maximum of 20 minutes. This duration should be long enough for rills to
initiate. If no rilling has occurred after 20 minutes, it is most likely not going
occur at all. Therefore this upper limit.
5.2.3 Drop size
Drop size is one of the more complicated factors to deal with in regards to
describing a rainfall. The drops are not all the same size, which means that often
you talk about a drop size distribution(DSD) or the median drop size(D50). The
median drop size is calculated by drawing a cumulative graph of the DSD, and
where the curve crosses the 50% is the D50
36.
I’ve based my estimations of a reasonable drop size on Laws and Parsons 1943,
because their method of determining the DSD is simple, low-tech and easy to
reproduce. According to their measurements, the most frequent drop size of a
natural rainfall of the above mentioned intensities, has a diameter of between 2
and 3mm.
5.2.4 Water pressure
The pressure in the hose, is relevant for two reasons. First of all because the
median drop size is dependent on the pressure. Most nozzles work in the way,
that the more pressure you put on the water, the more vaporized will it be,
and thereby the smaller will the median drop size be. Second of all because the
intensity of the simulated rainfall is dependent on the pressure in the hose. The
more pressure in the hose, the higher intensity. The case is, as described above
that compared to most agricultural purposes, where nozzles are usually used, I
need a high intensity(high pressure) and large drop size(low pressure). Based
on a reading of Morgan et al. 1997; Schiøtz et al. 2006 it seems to me, that a
hose pressue ranging from 60kPa to 70kPa seems to be the norm in this type
of experiments.
5.2.5 Momentum and kinetic energy
As described in section 2.1 the momentum of the raindrops is one of the major
factors influencing the process of rainsplash. Therefore it is important that my
rainfall simulator simulates this property as accurate as possible. However, for
the raindrops to reach their terminal velocity and thereby their terminal mo-
mentum, the rainfall simulator has to be very high. Therefore I have to accept
that the simulated momentum is smaller than the momentum from a natural
rainfall. Since the derivation of these properties, is very long and complicated
I’v put it in appendix A. The data I’ve calculated are presented in table 1.
I will in the following go through how I’ve arrived at the values presented in
table 1, but for further information please consult appendix A.
The first column is the diameter of the drops. As an approximation I’ve as-
sumed that the raindrops are spherical, since this makes it easier to calculate
their mass, volume etc. The second column is the constant c as derived in
36(Rickson, 2001, p. 37)
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appendix A based on Mason 1978. It is defined as follows:
c =
3
4
∗ CD ∗ ρa
D ∗ ρl (11)
Where CD is the aerodynamic drag coefficient of the raindrop, ρa is the density
of air and ρl is the density of water. The drag coefficient is calculated on basis
of Gunn and Kinzer 1949 in the following way:
vf =
√
g
k ∗ CD =⇒ , k =
3
4
∗ ρa
D ∗ ρl (12)
CD =
g
k ∗ v2f
(13)
Where vf is the terminal velocity of a raindrop of a given size as measured by
Gunn and Kinzer 1949 and g is the gravitational constant. The column t is the
time it takes the raindrop to fall the distance from the ceiling of the rainfall
simulator to the ground, in our case 2,8m. This value is calculated numerically,
since an analytical expression for t(x) does not exist, from the following formula
derived in appendix A:
x(t) =
√
g
c
t+
1
c
ln
(
e−2t
√
gc + 1
)
− ln(2)
c
(14)
This number is then plugged into the formula for the velocity of the raindrop
as a function of time:
v =
√
g
c
1− e−2t√gc
1 + e−2t
√
gc
(15)
The ”pct” column represents how much of the terminal velocity, the raindrop
has gained during its fall. The kinetic energy of the drop is calculated according
to the formula from classical mechanics:
Ekin =
1
2
∗m ∗ v2 (16)
The third last column represents the kinetic energy of a drop of similar diameter
and terminal velocity. The second last column is again a measure of the kinetic
energy of the drop in relation to the kinetic energy of a similar drop at terminal
velocity. Lastly the column ”counts” represents the number of drops of a given
size hitting a square meter pr. second during a rainfall of intensity 60mm
hr
. This
property is calculated in the following way:
According to Marshall and Palmer 1948 reviewed in Brodie and Rosewell 2007,
the number of drops in a cubic meter of a rainfall as a function of drop diameter
can be calculated in the following way:
N(D) = N0 ∗ e−Λ∗D (17)
Λ is then again a function of the intensity of the rainfall:
Λ = a ∗ I−b (18)
Based on empirical measurements of natural rainfall, the constants are set to
the following values: N0 = 8000; a = 4, 1; b = 0, 21. Multiplying the number
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of drops as a function of drop diameter with the speed of the drop, yields the
number of drops arriving at at square meter of the soil surface pr. second. Using
the following equation of Uplinger 1981:
vf = 4.854 ∗D ∗ e−0.195∗D
This means that the number of raindrops hitting a square meter pr. second can
be expressed by the following equation:
N(a) = 8000 ∗ e−1.74∗D ∗ 4.854 ∗D ∗ e−0.195D
The relationship between the kinetic energy of the total rainfall and the kinetic
energy of the simulated rainfall can thus be calculated through a weighted mean
in the following way:
pct(%) =
5586 ∗ 96, 62 + 1378 ∗ 72, 90 + 267 ∗ 57, 1 + 49 ∗ 50, 6 + 9 ∗ 48, 6
5586 + 1378 + 267 + 49 + 9
= 90, 32%
(19)
Based on this calculation, I conclude, that the set-up simulates a natural rainfall
to an acceptable degree of precision. If reading Shao et al. 2005 and Veihe et al.
2001, and comparing them to my experiment, it can be seen that they are using
a fall height of 3m as well.
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D(mm) c t(s) v
(
m
s
)
vf
(
m
s
)
pct(%) KEdrop(10
−7J) KEf (10
−7J) pct(%) counts
1 0,60 0,98 3,96 4,03 98,29 41,08 42,52 96,62 5586
2 0,23 0,84 5,54 6,49 85,38 643,05 882,16 72,90 1378
3 0,15 0,81 6,09 8,06 75,57 2622,21 4592,01 57,1 267
4 0,13 0,80 6,28 8,83 71,14 6610,58 13063,81 50,6 49
5 0,12 0,80 6,34 9,09 69,72 13142,46 27039,98 48,6 9
Table 1: Theoretical and measured data on the fall velocity, momentum and kinetic energy of raindrops ranging in size from 1mm to
5mm.
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Figure 11: Schematic representation of the setup of the rainfall simulation experiments seen from the outside of the gazebo.
2
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Figure 12: Schematic representation of the setup of the rainfall simulation experiments seen from the inside of the gazebo.
2
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Figure 13: Schematic representation of the setup of the rainfall simulation experiments seen from above.
2
9
5.3 Data collection
The data collection of the rainfall simulation experiment consists of four ele-
ments. The first element is pictures taken of the soil surface before and after
applied rainfall. This serves as a qualitative judgement of the influence on the
topography of the simulated rainfall. This is especially relevant in relation to
rill erosion on the plots. In this way it is posible to describe flow paths and qual-
itatively evaluate differences in topography before and after the applied rainfall.
The second element consists of roughness measurements made using the chain
set. This is a way to obtain numbers representing the changes in surface rough-
ness as a result of the rainfall simulation. The third element consists of the use
of glitter as a tracer to measure the average flow speed, and the fourth element
is using a torvane to measure the cohesion in the saturated soil.
Camera measurements Following the approach of Lascelles et al. 2002 the
camera was tied to a set position on a board. The board was then placed across
the gazebo in the height of 2m from the ground, and a spirit level was used
to make sure that the board was horisontal crosswise to the plot. According
to Francois Anton (personal communication) at least two pictures of the plot
with at least 60% overlap were needed in order to create a DEM. Therefore the
camera was positioned respectively 1m from the wall of the gazebo. This means
that the area covered by the camera can be calculated in the following way37:
tan
(α
2
)
=
d
2
S2
α
2
= tan−1
(
d
2S2
)
α = 2tan−1
(
d
2S2
)
From information from Canon 2008 and Stroebel 1973 we can calculate the
horisontal angle of view(αv) and vertical angle of view (αv) since the dimensions
of a 35mm film is 36x24mm:
αh = 2tan
−1
(
36mm
2 ∗ 35mm
)
= 54, 43◦
αv = 2tan
−1
(
24mm
2 ∗ 35mm
)
= 37, 85◦
Using the same equation as above to calculate the covered area results in:
tan(54, 43) ∗ 2m = 2, 79m
tan(37, 85) = 1, 55m
This means that the overlapping area of the two pictures can be calculated in
the following way. Since the width of the two camera pictures are the same, they
can be divided out. This means that the only thing left for us is to calculate the
overlapping horisontal length. Since the horisontal length of one of the pictures
37(Stroebel, 1973, p. 62)
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is 2, 79m, it means that the distance from the position of the camera to the end
of the picture must be 1, 395m. This means that the overlapping length(lo) can
be calculated in the following way:
lo = 100 ∗ 1, 395m+ 0, 395m
2, 79m
= 64, 16%
Based on this calculation I must conclude that the camera positions are po-
sitioned to get an acceptable overlap of the pictures. Before and after each
experiment two pictures of the upslope half of the plot and two pictures of the
downslope half of the plot was taken.
Roughness measurements Following the approach of Merrill et al. 2001, the
surface roughness was measured using two chains of varying link length. The
length of the chains was carefully measured using a steel ruler. The link length
and the link diameter were both measured measured with a vernier caliper. The
dimensions of the two chains named the small chain and the large chain are as
follows:
Name: Length: (l) Link length (ll) Link diameter (∅)
Small chain 99.65cm± 0.05cm 1.2mm± 0, 1mm 3.5mm± 0, 1mm
Large chain 99.95cm± 0.05cm 1.5mm± 0, 1mm 4.0mm± 0, 1mm
Table 2: Link length and link diameter as measured of the individual chains.
The chains were placed one at a time crosswise and legthwise on the plot so that
they were following the contours of the surface, with a 15cm ± 1cm interval.
Hereafter the horisontal distance between the chain ends were measured with
a meter stick. The relation between the full length of the chain (L1) and the
horisontal distance between the chain ends, when the chain is placed on the soil
(L2) makes it possible to calculate the chain roughness (CR) in the following
way:
CR = 100 ∗
(
1− L2
L1
)
Velocity measurements The velocity of the flow was measured using golden
plastic glitter as a tracer. This means that a known distance of flow was mea-
sured, then the glitter was applied and time taken for the flow to pass the known
distance. In this way it was possible to measure the velocity of the flow. Golden
glitter was chosen for easier visual determination, of when the flow had passed
a certain distance.
Cohesion measurements The cohesion of the soil was measured with a Soil-
test CL-600A torvane. According to Leonard and Richard 2004 then a larger
vane diameter generally increase the sensitivity of the measurement. Therefore
the largest diameter of the torvane of 4.71cm was used. 10 measurements on
each plot was used in order to get a spatial distribution in the samples. This
also allowed for elimination of locally increased or decreased cohesion.
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5.4 Procedure
In all four replicates of the rainfall simulation experiment the following proce-
dure was used. First of all the position of the plot was chosen. This was based
on the criteria that it should be in the edge of the field in order not to destroy
too much of the crops, and that it should be a reasonable distance from the
former plot and that it should not be too far from the building in order for
the water hose to be long enough. Then an area of 2.5x1m was clear-cut of
crops, as a result of the delimitation stated in section 1.1. This was also done in
order not to disturb the soil surface and thereby enhancing effect of detachment
by pulling up the plants with roots. Hereafter the gerlach through was ham-
mered into the soil so that the bottom was in level with the soil surface. Next
the gazebo was moved, and positioned so that both the lengthwise walls were
approximately 50cm from the plot boundaries. The position in the upslope-
downslope direction was performed by hanging a small weight in a pice of rope
from the nozzle. When the nozzle was 100cm from the gerlach trough and
50cm from the plot boundary measured on the soil surface, it was assumed that
the upslope-downslope angle of the nozzle was counterweighted by the effect of
gravity, in order to get as even a coverage of the plot as possible. Following the
approach of Morgan et al. 1997 a prewetting was performed by turning the rain-
fall simulator on until ponding occurred. Thereafter letting the soil soak up the
water, meanwhile the camera measurements, the roughness measurements, the
cohesion measurements and the water samples described in section 7 were taken
as described in their respective sections. This usually lasted approximately an
hour. Afterwards the gerlach trough was cleaned for excess sediment in order
to delimit that as a source of error and the lid of the gerlach trough was placed
on top of it. Next the real rainfall simulation experiment was performed. Wa-
ter samples were collected every minute in order to determine when the stable
situation of sheet erosion occurred in order to make the velocity measurements.
After the experiment camera measurements and roughness measurements were
repeated in exactly the same way as before the experiment.
5.5 Location
The experiments were performed on the Marbjerg experimental field located on
the north side of RUC. Four plots were prepared in the days from the 14th to
the 23rd of May 2008. They were called respectively plot 1 to 4. Parts of the
Marbjerg experimental field is sloping, and the plots were placed on the sloping
part of the field from the beginning of the slope to approximately the middle
of the slope in order of increasing slope. Plot 1 was positioned on the upper
part of the slope. This was the first plot that was prepared, and due to sloppy
experimental practice this plot suffered heavily from soil compaction. This plot
wasn’t used for any of the experiments. Plot 2 was placed approximately three
meters downslope of plot 1. Plot 3 was placed approximately three meters
further downslope and plot 4 approximately 6 meters downslope of plot 2. In
this way all four plot were lying on a row downslope on the field.
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Figure 14: The four plots seen from the roof of building 40 at RUC (Allan Sten
Jørgensen manipulated by Ottosen)
5.6 Results
5.6.1 Experiment 1 - performed in the morning Wedensday 21st of
May 2008
This experiment was performed on plot 3. The water pressure was set to 0.5±0.1
bar. The slope of plot 3 was 5◦ = 8.7%. The experiment was performed as de-
scribed in section 5.4. The prewetting was performed for 30 minutes until some
ponding occurred. The results of the roughness measurements are presented
in appendix B. As can be seen the difference in roughness is too small to be
significant. This is also due to the fact that no erosion occurred during the
experimental run and therefore no velocity measurements were obtained. Fur-
thermore the water running through the gerlach trough has most likely been
resulting from direct throughfall from the nozzle and the lid of the through and
not resulting from runoff from the plot. Therefore these data are not included
in this report. The experimental run lasted for another 30 minutes.
5.6.2 Experiment 2 - performed in the afternoon Wedensday 21st of
May 2008
This experiment was performed on plot 3 again. Since no erosion occurred in
the first experiment, I decided to increase the intensity in order to overcome
the hydraulic conductivity of the soil. This was done increasing the pressure to
0.9 ± 0.1 bar. The experiment performed in the morning thus made it out for
a prewetting, and the last roughness measurements of Experiment 1 was taken
as the first roughness measurements of Experiment 2. Experiment 2 lasted
another 30 minutes. Again no erosion was observed, and therefore no velocity
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measurements were taken, and the data from the water samples were discarded.
As seen from the roughness measurements in appendix B, the change must be
termed insignificant.
5.6.3 Experiment 3 - performed in the morning Friday the 23rd of
May 2008
This experiment was performed on plot 4. Plot 4 has an increased slope of
10◦ = 17.3%. The increased slope was thought to increase the possibillity of
erosion. This experiment followed as well the procedure described in section 5.4.
Again the results were the same as for Experiment 1 and 2. No erosion, no
velocity measurements and an insignificant change in surface roughness.
5.6.4 Experiment 4 - performed in the afternoon Friday the 23rd of
May 2008
This experiment was performed on plot 2, where erosion had been observed
Tuesday 13th of may on a test run. Plot 2 has a lower slope than plot 4 but
the same slope as plot 3 namely 8.7%. It was hoped that plot 2 suffered from
a lower hydraulic conductivity than plot 3 and 4, and therefore erosion would
occur at this plot. However, again I experienced no erosion, and therefore no
velocity measurements and an insignificant change in surface roughness.
5.7 Sources of error
There might have been a possible head loss in the water hose between the control
unit and the nozzle, resulting in a lower pressure at the nozzle than read at the
manometer at the control unit. In case this would have caused a lower rainfall
intensity than calculated.
Furthermore when the pressure on the nozzle was increased the area covered
increased as well. This means, that an expected increase in intensity as a result
of increased pressure, might have resulted in status quo with regards to intenstiy
plus a reduced drop size and thereby a lowered kinetic energy. This means
that the soil would become slower saturated, and that the amount of run-off
available for erosion would be lower than expected. Furthermore the reduced
kinetic energy would result in less splash erosion, and thereby less detachment
meaning that there would be less sediment available for erosion.
6 Tests of the rainfall simulator
In order to find out whether or not the actual rainfall simulator, has the prop-
erties described above, certain tests can be performed. In this project I’ve
performed two tests of the rainfall simulator, as described by Rickson 2001. I’ve
performed a test of the intensity distribution and a test of the drop size.
The test of the spatial intensity distribution consists of placing a number of
catch cans on the soil below the rainfall simulator. After applying the rainfall
simulator for a known time period, it is possible to analyze whether or not the
intensity is evenly distributed over the entire plot, and in case how big the vari-
ations are.
The test of the drop size distribution is made using what is known as the flour
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pellet method. The concept is that a number of trays are prepared with a flat
surface of sieved flour equipped with a lid. Meanwhile the rainfall simulator
is running, you hold the flour tray beneath it, whereafter the lid is removed
briefly. This results in that the water from the rainfall simulator will react with
the flour. The flour/water mixture can then be baked in an oven to yield a
number of pellets of different size. The size of the pellets can then be calculated
backwards to the original size of the raindrop. In this way it is possible to
measure the DSD of the rainfall simulator.
6.1 DSD test
As mentioned in section 1.3 I’ve been using the flour pellet method to determine
the drop size distribution of the rainfall simulator.
6.1.1 Set-up and procedure
The setup consists of the rainfall simulator described in section 5.2 positioned
on a flat surface. Approximately beneath the nozzle is placed a tray with fine
uncompacted flour with a lid on. The lid is removed briefly allowing the ”rain-
drops” from the simulator to fall into the tray. This is repeated for a number
of trays in order to get a large enough temporal distribution in the flour pel-
lets. The number of trays were in this case determined by the number of trays
available, and that there should be more than one tray to elimit the effects of
fluctuations in the rainfall simulator. Furthermore it was also a consideration
of the analysis time, since it took quite some time to sort, weigh, count etc. the
number of pellets in each sieve, and that more sieves don’t necessarily improve
the precision of the result. This means that the pellets in the flour trays are
gathered in exactly the same way, but they are meant as part of the same data
collection, rather than control tests of tray nr. 1. Afterwards the flour trays are
baked in an oven at 200◦C, in half an hour to three quarters. Herafter the flour
is sievet and the sieves weighed without flour and with flour. In this way it is
possible to determine the size distribution of the flour pellets. The sieves used
for this experiment had a mesh-size of 2000µm, 1400µm, 1000µm, 600µm and
500µm. This was chosen to get a good spreading, and due to the experience
that there are no pellets smaller than 500µm. In order to determine the DSD,
I need to know the weight of a single pellet. This was measured by weighing
a known number of pellets and dividing the weight by the number of pellets.
Furthermore I need to know the diameter of the drop that the pellet originated
from. For this prupose figure 15 was analysed using the program G3Data Graph
Analyzer.
6.1.2 Results
The weight of a single pellet of different diameter, the conversion factors inter-
preted from figure 15 and the diameter calculated based on the assumption that
raindrops are spherical and their density is the same as water, are presented in
the table below:
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Figure 15: Graph of the calculation factor used to calculate the size of the drop
the pellet was originating from. (Hudson 1981 p. 52)
2000µm 1400µm 1000µm 600µm 500µm
Weight (mg): 100 40 20 80 too smal to count
Number: 10 10 26 220 too small to count
Weight pr. piece (mg): 10 4 0.769 0.364 0.302*
Conversion factor(f): 1.26 1.19 0.95 0.80 0.76
D (mm): 2.89 2.09 1.12 0.82 0.76
Table 3: Weight and diameter of the pellets in the experiment. * Calculated
from the weight of 600µm, by multiplying the weight of 600µm with 5
6
.
If we plot the total number of pellets vs. drop diameter as seen on figure 16,
and compare the graph to the distribution obtained by Marshall and Palmer
1948 multiplied by the formula of Uplinger 1981 as seen on 17, we can see that
they are not totally unlike. Both of them have a peak just around 1mm and
both of them are rapidly declining after the peak. This shows that the drop
size distribution of the rainfall simulator resembles the drop size distribution of
a natural rainfall in a qualitative way, meaning that too a good approximation
the relationship between the different drop sizes are equivalent. The equation
used in figure 17 is:
NAn = 8000 ∗ e4.1∗60
−0.21∗D ∗ 4.854 ∗D ∗ e−0.195D
If we take a look at the percentwise distribution of dropsizes as shown on fig-
ure 18, we can see that most drops have a diameter of 1mm or less. We can also
ascertain that the D50 is far from the goal of between 2 and 3 millimeters as
stated in section 5.2.3. Based on visual interpretation the D50 is probably more
in the magnitude of 0.8mm. This is most likely due to the increased pressure
in the hose, that has resulted in a smaller drop size.
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Figure 16: DSD vs. Drop diameter obtained from the flour pellet experiment
based on the total number of pellets.
Figure 17: DSD vs. Drop diameter based on the distribution obtained by
Marshall and Palmer 1948 multiplied with the equation for the terminal velocity
of the raindrops by W. G. Uplinger 1981.
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Tray 1 2000µm 1400µm 1000µm 600µm 500µm
Weight empty(g): 557.91 449.17 391.64 516.88 476.09
Weight after sieving (g): 556.74 448.14 390.5 514.15 475.41
Weight of pellets (g): 1.17 1.03 1.14 2.73 0.68
Number of pellets: 117 258 1482 7508 2253
Tray 2
Weight empty(g): 556.7 448.07 390.51 514.05 475.40
Weight after sieving (g): 557.3 449.25 395.02 517.13 476.63
Weight of pellets (g): 0.6 1.18 4.51 3.08 1.23
Number of pellets: 60 295 5863 8470 4075
Tray 3
Weight empty(g): 556.7 448.07 390.51 514.05 475.40
Weight after sieving (g): 559.56 451.08 395.76 525.96 478.27
Weight of pellets (g): 2.86 3.01 5.25 11.91 2.87
Number of pellets: 286 753 6825 32753 9509
Total number of pellets: 463 1305 14170 48730 15837
Table 4: Results from the individual sieves in the flour pellet experiment.
6.1.3 Sources of error
In this experiment there is one error that has played a role. The flour used in
the experiment was as well baked in the oven. This means that the grain size
of the flour has most likely been altered. This resulted in that the finer the
mesh of the sieves, the more flour was left along with the pellets on the sieve,
meaning that more weight has been attained to the flour pellets than rightfully
so. This could have been handled by prolonging the sieving time, but it might
have resulted in destruction of more of the pellets.
6.2 Distribution test
6.2.1 Set-up and procedure
As seen on figure 19 the set-up consists of a number of 1l measuring cylinders
placed as illustrated in straight rows in the middle beneath the rainfall simulator.
Figure 20: Photo of the distribution test as
seen from the entrance to the gazebo. (Allan
Sten Jørgensen 2008)
This experiment is designed based on Rickson
2001 to test the spatial variabillity of the rain-
fall coming from the rainfall simulator. Actually
I used more cylinders in the experiment than are
illustrated on the figure, but the principle is the
same. For the experiment I used 55 1l measur-
ing cylinders that were numbered from 1 to 11
in the x-direction and 1 to 5 in the y direction.
This practise is also followed in the next section
with respect to graphs. The rainfall simulator was
run for exactly 12 minutes measured with a stop-
watch. This was chosen so temporal fluctuations
in the intensity would not influence the experi-
ment. Afterwards the amount in each cylinder
was carefully measured with a 250ml measuring
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cylinder.
6.2.2 Results
During the experiment I obtained the following
results (all numbers in ml):
1 2 3 4 5 6 7 8 9 10 11
1 145 130 125 140 145 150 150 145 135 135 115
2 135 120 120 130 140 150 155 155 150 140 125
3 125 115 120 125 130 145 155 155 150 155 135
4 125 110 110 125 135 140 150 150 145 135 130
5 125 105 105 110 130 140 150 140 140 130 130
Table 5: Spatial distribution of the rainfall from the rainfall simulator.
When looking at figure 21 on page 43 it is possible to see, that the intensity
of the rainfall is higher when the x-axis is increasing. There is a local maxima
around 8 and a local minima around 3. The effect is seen even more clearly
if we turn the graph as is done in figure 22, we can still see the difference in
the x-direction, but as well that at least in some parts of the graph there is
also a difference in the why direction with a declining intensity as the y-axis
increase.This seems especially propagated around x=[2,3]. All this indicates
that the nozzle wasn’t level with the rest of the gazebo, since these differences
seem quite systematic. Whether this source of error has played a role when the
experiments were conducted at the field is on the other hand doubtful, since the
gazebo was already sloping. Compared to the slope of the gazebo, the slope of
the nozzle is judged to be minor.
As a way to quantify the spatial difference the Christiansen coefficient(Cu)
is calculated in the following way38:
Cu = 100
(
1− Σx
mn
)
Where x is the deviation of the individual catch cans from the average value,
m is the average intensity and n is the number of catch cans. Inserting the
numbers:
Cu = 100
(
1− 638, 15
55 ∗ 134, 55
)
= 91.38
This result must be declared extremely satisfactory. This result supports the
claim, that the level of the nozzle only has minor influence on the spatial dis-
tribution of the intensity. As well this result shows that the spatial distribution
of the rainfall intensity is very homogenous, and therefore to a large degree of
precision resembles a natural rainfall.
38(Withers and Vipond, 1974, p. 48)
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6.2.3 Sources of error
This experiment has one random source of error. Since the surface where the
experiment was performed wasn’t exactly plain, some of the catchment cans were
standing slightly oblique. These cans were noted in the original data recording,
but did not show unusual large or small results, and it was therefore decided
to include them in the experiment in line with the rest of the measurements,
especially in the light of the result from the experiment. This source of error is
judged to have a minor influence on the experiment.
7 Lab experiment
In this section I will go through the measurements of the water content in the
soil using retention rings as also mentioned in section 1.3.
7.1 Procedure
This experiment follows a standard procedure for measuring water content in
soil. For each experiment three soil samples were gathered using retention rings.
These were then brought to the laboratory and weighed. Afterwards they were
ovendried at 105◦C whereafter they were weighed again. From these measure-
ments is is possible to determine the water content in the soil before the rainfall
simulation experiments.
7.2 Calculations
Given the information of the weight of the petri dish (Wpetri), the weight of the
retention ring (Wring), the weight before the drying (Wwet) and the weight after
the drying (Wdry) it is possible to calculate the volume percentage of water in
the soil, based on the assumption that ρH2O = 1
g
cm3
:
WH2O = (Wwet −Wring −Wpetri)− (Wdry −Wring −Wpetri)
vol%H2O = 100 ∗
VH2O
Vwet
Where VH2O is the volume of water in the soil and Vwet is the volume of the wet
soil. Vwet is the same as the volume of the retention ring. In this experiment
retention rings of volume 99.85cm3 were used. Hereafter the volume weight
(Vw) of the soil was calculated in the following way
39:
Vw =
Wdry −Wpetri −Wring
Vdry
Where Vdry is the dry volume of the soil. Neglecting eventual shrinking in
relation to the drying of the soil, Vdry is as well assumed to be the volume of
the retention ring. From this we can calculate the porosity (P ) of the soil40 in
the following way:
P = 1− Vw
mR
39Niels H. Jensen personal communication
40Niels H. Jensen personal communication
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Where mR is the real mass of the soil. According to Niels H. Jensen (personal
communication) this could be approximated to 2.65. By relating the volume
percentage of water in the soil to the porosity of the soil, the degree of saturation
occurs.
7.3 Results
As seen from table 6 on page 44 the soil on the Marbjerg experimental field is
extremely porous. According to Niels H. Jensen a volume weight of 1.35 g
cm3
is a
very low volume weight, thereby resulting in a large porosity. The volume weight
obtained in this experiment is in all cases even lower. This is also seen on the
extreme high porosity that I’ve obtained in this experiment. This means that the
hydraulic conductivity of the soil is very large, and it is therefore very difficult
to approach the saturation point. This is also seen on the degree of saturation
obtained through the prewetting of the plot, that in almost all cases it is below
50%. However, as can be seen from the numbers on degree of saturation, the
saturation is increasing through the various experiments, indicating a prolonged
prewetting. On the same time, the numbers on saturation also indicates that
the soil must have been very dry before any experiments were conducted. If up
to half an hour prewetting can only saturate the soil to a maximum degree of
63%, then it must have been very low in the beginning. This is also underlined
by looking at the numbers from plot 3a. In this case we had already run an
experiment on the plot, which can be seen on the fact that the numbers are
higher than for the plot 3m. However, the three quarters to an hour of wetting
that the morning experiment lasted, have only saturated the soil to a degree of
approximately 45% indicates that the soil is capable of soaking up and storing
much water. The prewetting must be termed not satisfactory.
7.4 Uncertainties
In relation to the weight used to weigh the rings before and after the drying,
there has been a measurement uncertainty of ±0.025g this is judged on the
basis, that the last digit on the weight was fluctuating up to 5 numbers. This is
however judged to have a minor influence on the result, since the weight of the
water in the rings were in magnitude many times greater than this uncertainty.
Furthermore the result is very clear, and a few hudreds of a gram more or less
water in the samples would not have been able to alter the result in a noteworthy
manner.
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Figure 18: Percentwise distribution and cumulative plot of the DSD from the
rainfall simulator
Figure 19: Schematic represnetation of the set-up for the distribution test.
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Figure 21: Graph of the data obtained in the distribution test.
Figure 22: Graph of the data obtained in the distribution test.
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Sample number: 1 2 3 4 5 6 7 8 9 10 11 12
Plot nr: 3m 3m 3m 3a 3a 3a 4 4 4 2 2 2
Wpetri: 121.89 121.59 119.30 124.00 120.62 125.10 124.72 125.28 126.55 105.85 122.20 124.02
Wring: 78.90 75.14 80.12 89.35 80.03 86.88 80.19 79.11 78.26 75.14 76.77 73.55
Wwet: 321.82 324.20 300.40 346.65 312.23 350.67 330.09 307.17 354.02 339.41 327.52 340.65
Wdry: 289.09 300.44 282.16 317.36 289.55 321.65 305.65 288.50 323.82 306.28 301.49 312.63
WH2O: 23.73 23.76 18.24 29.29 22.68 29.02 24.44 18.67 30.20 33.13 26.03 28.02
vol%: 23.77 23.80 18.27 29.33 22.71 29.06 24.48 18.70 30.25 33.18 26.07 28.06
Vw
(
g
cm3
)
: 0.97 1.04 0.83 1.04 0.89 1.10 1.01 0.84 1.19 1.25 1.03 1.15
P : 0.63 0.61 0.69 0.61 0.66 0.58 0.62 0.68 0.55 0.53 0.61 0.57
Sat%: 37.49 39.17 26.60 48.28 34.39 49.68 39.56 27.38 54.91 62.81 42.65 49.57
Table 6: Results and calculations obtained from the retention rings.
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8 Analysis
As seen from section 5.6 no erosion and therefore no rilling occurred during
the experiments. This is contradictory to the fact that rilling do occur on the
Marbjerg field41. In the following I will discuss possible causes for the lack of
erosion and elaborate on the conditions necessary for rilling to occur at the Mar-
bjerg field. Furthermore I will compare my experiments to Rauws and Govers’
experiments and other empirical studies conducted under similar conditions.
When considering the lack of erosion during the rainfall simulator experi-
ment, several explanations are possible. The first thing to look at, would ob-
viously be the design of the rainfall simulator. Several things might have been
changed in order to get any erosion. When looking at section 5.1 it is obvious
that the simulator is designed in line with the current practice in this field.
This is also seen in the calculations of the momentum and kinetic energy of the
simulated rainfall, that to an acceptable degree reflects that of a natural rain-
fall. This is as well seen on the distribution test where, allthough the results
showed indication of the nozzle not beeing in level, the Christiansen coefficient
was more than acceptable. Comparing this result to Schiøtz et al. 2006, where
they obtained a Christiansen coefficient of 81.3. Their rainfall simulator were
constructed by professor Ju¨rgen Schmidt from Freiberg Technical University, so
in that respect the design of the rainfall simulator must be considered accept-
able. Nevertheless, certain changes might have benefitted the experiment. The
control unit, and thereby the pressure reducing valve was placed outside the
gazebo. This means that the pressure at the nozzle might not have been the
same due to head loss in the hose between the control unit and the nozzle. This
has caused a lower intensity than expected. When the nozzle was operated at
maximum pressure as in the experiments from plot 3a and on and as well in the
distribution test, the intensity was only 65mm
hr
. This number is calculated from
the average amount of simulated rainfall in the catch cans in the same way as in
section 5.2.1, knowing that the diameter of the measuring cylinders was 11.5cm
and that the experiment lasted for 12 minutes. As a change, operating with
a larger nozzle with a wider intensity interval, would have made it possible to
increase the intensity to the 75mm
hr
mentioned in section 5.2.1, and thereby in-
creased the possibillity of overcoming the soil’s hydraulic conductivity. Another
possibillity would have been to position the pressure reducing valve right next
to the nozzle, and made a device for the control from outside the gazebo.
As seen from the DSD test, the drop sizes were much smaller than expected.
This has definitely been due to the increased pressure, that were used during
most of the experiments. As seen from figure 23 smaller drops need a shorter
distance to reach their terminal velocity. In that respect the kinetic energy of a
rainfall is still accurately simulated with the smaller drops, however, the rainfall
does probably not resemble the high intensity rainfall that it was supposed to
resemble. Summing up, the reduced drop size means a reduced overall kinetic
energy due to the mass reduction of the drops, but a closer resemblance because
of a more accurate resemblance of a low intensity rainfall due to the more ac-
curate resemblance of the terminal velocity.
41Niels H. Jensen personal communication
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Figure 23: Distance of free fall for a raindrop to reach respectively 50%, 75%,
90%, 95% and 99% of their temrinal velocity. (van Boxel 1997)
Looking at the natural factors influence on the lack of erosion, there are
two major factors influencing this experiment. The first is the extreme porosity
of the soil as ascertained through the lab experiment. This extreme degree of
porosity has definitely been the main cause for the lack of erosion. When the
soil has a high porosity it also has a high hydraulic conductivity, meaning that
it is difficult to saturate the soil and to overcome its hydraulic conductivity.
This can be illustrated by looking at the retention curves for the Marbjerg
experimental field as seen on figure 24 and figure 25. Calculating the average
volume percentage of water in the soil of the indivudial plots from the data of
table 6, we obtain 21.95% for plot 3m, 27.03% for plot 3a, 24.48% for plot 4
and 29.10% for plot 2. These graphs should not be regarded accurate for my
experiments, since my volume weight is even lower than Pedersen 2003, but
they anyway give a good indication of the magnitude of the hydraulic suction
Analyzing the graphs using the program G3Data Graph Analyzer results in
highly variable hydraulic suction. Plort 3m has a hydraulic suction of 52.88kPa
which must be regarded as a very high hydraulic suction. This is however fallen
to 9.72kPa in the afternoon, so the suction effect has been greatly reduced
due to the excess wetting performed by experiment 3m. Plot 4 has a hydraulic
suction of 22.39kPa which is also large, and explains the lack of erosion. This
is however nothing compared to plot 2 where the hydraulic suction reached full
98.61kPa. These numbers are all extremely high, and especially on plot 2 an
extremely long prewetting would’ve been needed in order to saturate the soil.
The porosity of the soil is influenced by several factors. According to Niels
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Figure 24: Retention curve for the respective soil profiles at the Marbjerg exper-
imental field. Ap is the uppermost soil layer, and therefore the curve used in this
context. Profile 1AB is according to Niels H. Jensen (personal communication)
the position of plot 1 and 2. (Pedersen 2003 p. 132)
H. Jensen (personal communication), plowing increases the porosity of the soil.
In this case based on visual evaluation of the soil surface, the field hadn’t been
plowed for a long time, so this could not be the case. A more reaonable explana-
tion would be the influence of plants and organic matter in the soil. As plants
grow and their roots expand through the soil, the soil is gradually loosened,
causing a greater porosity. This is as well increased by worms and other living
organism living in the soil. The Marbjerg experimental field, was planted with
crops when the experiments took place. This meant that the soil has most likely
been severely infiltrated by plant roots which as described above has caused the
high level of porosity.
The second natural factor influencing the experiment is the climatic factor.
The experiments were performed following a 22-day period with less than 10mm
of rain42. This means that at the time of the experiments, the preliminary water
content in the soil has been very low. Furthermore the 22-day period before the
experiments took place had been very sunny, and thus promoted evaporation
from the soil. It also follows from figure 24 and figure 25 that a low water
content will cause an extremely high hydraulic suction, thus soaking the water
into the soil. This has also played a major role in the experiment. Performing
this experiment in the fall instead of in the spring would most likely have solved
this problem.
If we try to calculate the conditions necessary for rilling to occur according
to Rauws and Govers model, we would start by setting the model for the critical
42DMI
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Figure 25: Retention curve for the respective soil profiles at the Marbjerg ex-
perimental field. Profile 2AB is according to Niels H. Jensen (personal commu-
nication) the position of plot 3 and 4. (Pedersen 2003 p. 132)
grain shear velocity equal to the definition of grain shear velocity:
0.89 + 0.56C =
√
fgU2
8
(20)
Where C is the apparent cohesion as measured on saturated soil, fg is the
Darcy friction factor, and U is the average velocity of the flow. Substituting the
definition of fg into equation 20 gives:
0.89 + 0.56C =
√
KU2
Re
WhereK is a constant and Re is the Reynold’s number of the flow. Substituting
the definition of Reynold’s number into the equation yields:
0.89 + 0.56C =
√
KµU
ρd
(21)
Where µ is the viscosity of water in this case taken to be the value under
standard conditions43 of 1mPa, ρ is the density of water, and d is the hydraulic
radius, in this case taken to be the depth of the water. From equation 21 we
can see that the velocity required for rill initiation is proportional to the depth,
meaning that the deeper the flow, the higher velociy is needed for rills to initiate.
It can as well be seen that U is inversely proportional to K, which means that
the rougher the surface the slower a speed is needed. This is due to the fact
43(Weast, 1972)
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that a rough surface experiences more friction than a smooth surface at the
same velocity. Isolating U in equation 21:
0.89 + 0.56C =
√
KµU
ρd
(0.89 + 0.56C)2 =
KµU
ρd
(0.89 + 0.56C)2 ∗ ρ ∗ d = KµU
(0.89 + 0.56C)2 ∗ ρ ∗ d
µ ∗K = U
In order to be able to calculate the velocity needed for rills to occur, we need to
know the value of K. As stated in section 3 Rauws and Govers use the median
diameter of the water stable aggregates as an approximation of K. In order
to calculate the median diameter of the water stable aggregates I’ve used the
pedotransfer function of Le Bissonnais et al. 2007. This function is based on
the soil organic content. This variable is obtained from Veihe et al. 2006, by
assuming that the amount of carbon in organic matter on average is 56%. This
means that the soil organic matter is obtained by multiplying the percentage
of carbon in the soil by 100
56
. This means that the formula for the median
diameter(WSA) of the water stable aggregates becomes:
WSA = e
4.83+
 
2.76
1+7∗108∗e
101
56
C
!
− 1
Where C is the percentage carbon in the soil. Plugging in the average percentage
for carbon in the soil, yields a median diameter of the water stable aggregates
of 1977µm. This value is used in the following calculations. Now we can calcu-
late the average flow velocity needed for rills to initiate. In the following I’ve
assumed a minimum flow depth of 1mm and a maximum flow depth of 1cm this
is due to illustrate the interval of velocities needed for rills to initiate in relation
to water depth. As can be seen from the table, the requirement for flow speed
plot 3m plot 3a plot 4 plot 2
Cohesion (kPa): 4.90 5.95 5.00 5.70
ugcr
(
cm
s
)
: 3.63 4.22 3.69 4.08
Umin
(
cm
s
)
: 0.53 0.72 0.55 0.67
Umax
(
cm
s
)
: 5.34 7.21 5.51 6.74
Table 7: The cohesion, the maximum critical velocity and the minimum critical
velocity for the initiation of rills according to Rauws and Govers.
is fairly low as long as the flow depth is low. However, when the depth is low,
the individual roughness elements play a relatively larger role slowing down the
flow. This means that although it could look like rills would initiate as soon
as the run off reached a depth of 1mm, in reality the depth has to be larger in
order for the flow to overtop the surface roughness elements and thereby gain
enough speed for rills to occur.
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Comparing my experiment to the experiment performed by Rauws and Gov-
ers, the most striking difference is that their experiment was performed in a
laboratory, where mine was performed in the field. This means that they per-
formed there experiments on soil, taken from the real nature, where mine was
performed on undisturbed soil. This probably means that they’ve had a lower
cohesion in their experiments on the average. This can also be seen on that
half of their measurements are in the range of 2kPa-4kPa. Rauws and Govers
experiment was performed on two types of silt loam, one type of sand loam
and one type of loam according to the USDA classification scheme. This means
that they’ve mainly performed their experiments on soils with a relatively high
content of sand. Lastly in most of their experiments they were using supplied
run-off instead of using simulated rainfall. This means that they only take into
account the shear stress from the water exceeded on the soil, and ingore the in-
fluence of rainsplash. As described in section 2.1 rainsplash plays an important
role in loosening the soil, which also contributes to reducing the cohesion and
thereby making way for rills to occur.
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9 Conclusion
Based on the present evidence it is not possible to answer whether the model
for initiation of rills by Rauws and Govers is applicable to the Marbjerg exper-
imental field. I have however shown as written in section 8, that according to
Rauws and Govers it is not unreasonable that rills can occur on the Marbjerg
field. If the flow reaches a few centimeters pr. second it is predicted by Rauws
and Govers that rills will occur. However, several factors would promote the ful-
fillment of this requirement. If there were no plants on the field, the flow would
much easier reach the critical velocity. This is due to the fact that plants have
a huge root net meaning that the energy anticipated from the flow to the plants
would in reality be wasted, since it doesn’t contribute to the erosion of the soil.
Soil compaction and other factors that reduce the hydraulic conductivity of the
soil would also promote rilling. Lastly, a high water content would ease the
transition from an erosion process dominated by splash erosion, to an erosion
process dominated by sheet and rill erosion. Concluding that performing the
experiment in September or October would have provided a better indication
of the usabillity of Rauws and Govers model.
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10 Perspectivation
Based on the knowledge about soil erosion and infiltration that I’ve gained dur-
ing this project, certain things would be done different if I had to answer the
problem formulation today. First and foremost I would have conducted the
experiment in the fall. This would have several advantages compared to the
present conduction in late spring or beginning of summer. First of all, the field
would be cleared of crops. One of the main problems in this experiment was
that it was impossible to assess what happened to the soil surface since most of
it was covered by plants in one way or the other. Alternatively a new approach
to the cutdown of plants would have to be developed, where it would be possible
to cut off the plants at the surface. This was not possible during the current
practise. Second of all performin the experiment in the fall would have the ad-
vantage of plowing of the soil. This would loosen the soil, and thereby improve
the probabillity of rilling. In this way it would be easier to assess whether Rauws
and Govers model for the initiation of rills is valid or not. The loosening of the
soil would however as well result in an increased hydraulic conductivity, which
means that an increased rainfall intensity would be needed for erosion to occur.
Lastly when performing the experiment in the fall, I would benefit from the
increased amount of natural rain occuring. This would mean that a shortened
prewetting would be needed, before the actual experiments could take place.
Due to the homogenity of the field as described by Veihe et al. 2006, a relatively
low number of samples would be reasonable for inducing to the rest of the field.
It would however be relevant with spatially distributed cohesion measurements,
on the sloping part of the field, to evaluate the sensitivity of the soil to rilling.
The experiment would have benefitted from an examination of the hydraulic
conductivity of the soil before the actual erosion experiments would take place.
This should be done in order to adjust the intensity of the rainfall simulator,
and adjusting the size of the nozzle in order to make sure that the intensity
would be high enough. This could be done by the use of retention rings like in
the present study or by computer simulation, which option is chosen will be a
matter of taste, speed accuracy etc.
As already mentioned, a larger nozzle might have benefitted the experiment in
order to achieve the high intensities needed for rills to occur. Another modi-
fication of the rainfall simulator would be a device to measure and adjust the
pressure right before the nozzle instead of outside the gazebo. Lastly a fixed
position of the nozzle would have been a minor improvement in relation to ob-
taining a more homogeneous spatial distribution of the rainfall.
As a way to assess the microtopographic changes due to erosion, I still believe
that DEMs constructed via photogrammetric methods is the best way. Alter-
natively laser devices exist made for precision measurements of the soil surface,
that could also provide precise evaluations. The chain set is a good solution for
field work in remote areas or in harsh climate, where the more sensitive devices
might fail, but for ordinary circumstances I believe that the most precise device
for the purpose should be used. Furthermore when using the chain set, con-
siderable amounts of averaging is performed, which does not show something
about the spatial difference in surface roughness.
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A Calculations of momentum and kinetic en-
ergy
As known from classical mechanics the momentum of a particle can be defined
in this way:
P = m ∗ v (22)
Generalizing this into the statistical definition of a rainfall:
Ptotal = Σmdrop ∗ vdrop (23)
As stated earlier, the mass of the drops are not constant. If we assume the
raindrops to be spherical44, then the mass of the individual raindrop can be
calculated like this45:
m =
1
6
∗ π ∗D3 ∗ ρL (24)
Where D is the diameter of the drop and ρL is the density of water. Putting
this result into equation 23 yields the following result:
Ptotal = Σ
(
1
6
∗ π ∗D3 ∗ ρL
)
∗ vdrop (25)
The speed of the raindrop posess a problem of a more intricate kind, because
they experience greater air resistance. According to Mason 1978 the following
force equilibrium will appear:
1
4
∗ π ∗D2 ∗ 1
2
∗ CD ∗ ρa ∗ v2 = 1
6
∗ π ∗D3 ∗ ρL ∗ g (26)
Where ρa is the density of air, and CD is the aerodynamic drag coefficient. If we
divide both sides with the mass, we end up with an equation for the acceleration:
1
4
∗ π ∗D2 ∗ 1
2
∗ CD ∗ ρa ∗ v2
1
6
∗ π ∗D3 ∗ ρL
= g ⇓
3
4
∗ CD ∗ ρa ∗ v2
D ∗ ρl = g ⇓
dv
dt
= g −
3
4
∗ CD ∗ ρa
D ∗ ρl v
2 ⇓
dv
dt
= g − cv2 c =
3
4
∗ CD ∗ ρa
D ∗ ρl
Integrating the differential equation yields:
dv
dt
= g − cv2
dv =
(
g − cv2) dt∫
1
g − cv2 dv =
∫
dt
−
∫
1
cv2 − g dv =
∫
dt
44(Favis-Mortlock, 2008)
45(Mason, 1978, p. 417)
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Solving this integral according to Abramowitz and Stegun 1964:
t = − 1
4
√
gc
ln
(
−2cv −
√
4gc
2cv +
√
4gc
)
t = − 1
4
√
gc
ln
(−2cv +√4gc
2cv +
√
4gc
)
t = − 1
2
√
gc
ln
(−cv +√gc
cv +
√
gc
)
t = − 1
2
√
gc
ln
(√
gc− cv
cv +
√
gc
)
−2t√gc = ln
(√
gc− cv
cv +
√
gc
)
e−2t
√
gc =
√
gc− cv
cv +
√
gc
e−2t
√
gc (cv +
√
gc) =
√
gc− cv
cve−2t
√
gc +
√
gce−2t
√
gc =
√
gc− cv
cv + cve−2t
√
gc +
√
gce−2t
√
gc =
√
gc
cv + cve−2t
√
gc =
√
gc−√gce−2t√gc
cv
(
1 + e−2t
√
gc
)
=
√
gc
(
1− e−2t√gc
)
cv =
√
gc
1− e−2t√gc
1 + e−2t
√
gc
v =
√
g
c
1− e−2t√gc
1 + e−2t
√
gc
(27)
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In order to obtain the time interval, that it takes to fall a certain distance, we
have to integrate equation 27 once more with respect to time:
dx
dt
=
√
g
c
1− e−2t√gc
1 + e−2t
√
gc
=
√
g
c
1− ekt
1 + ekt
k = −2√gc
x(t) =
∫ (√
g
c
1− ekt
1 + ekt
)
dt
x(t) = −
√
g
c
∫ (
ekt − 1
ekt + 1
)
dt
x(t) = −
√
g
c
∫ (
ekt + 1− 2
ekt + 1
)
dt
x(t) = −
√
g
c
∫ (
ekt + 1
ekt + 1
− 2
ekt + 1
)
dt
x(t) = −
√
g
c
(∫
ekt + 1
ekt + 1
dt−
∫
2
ekt + 1
dt
)
x(t) = −
√
g
c
(∫
dt−
∫
2
ekt + 1
dt
)
x(t) = −
√
g
c
(
t−
∫
2
ekt + 1
dt
)
x(t) = −
√
g
c
(
t− 2
∫
1
ekt + 1
dt
)
x(t) = −
√
g
c
(
t+ 2
∫ −1
ekt + 1
dt
)
x(t) = −
√
g
c
(
t+ 2
(
1
k
ln
(
ekt + 1
)− t))
x(t) = −
√
g
c
(
t+
2
k
ln
(
ekt + 1
)− 2t)
x(t) = −
√
g
c
(
−t+ 2
k
ln
(
ekt + 1
))
x(t) =
√
g
c
t+
√
g
c
2
2
√
gc
ln
(
e−2t
√
gc + 1
)
x(t) =
√
g
c
t+
1
c
ln
(
e−2t
√
gc + 1
)
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Since we know that the drop has travelled zero distance at t = 0, then we have
to add a constant of integration:
x(t) =
√
g
c
t+
1
c
ln
(
e−2t
√
gc + 1
)
+ cI ⇓
0 =
√
g
c
∗ 0 + 1
c
ln
(
e−2∗0
√
gc + 1
)
+ cI ⇓
0 =
1
c
ln
(
e0 + 1
)
+ cI ⇓
0 =
1
c
ln (1 + 1) + cI ⇓
0 =
ln(2)
c
+ cI ⇓
cI = − ln(2)
c
This means that the resulting equation is:
x(t) =
√
g
c
t+
1
c
ln
(
e−2t
√
gc + 1
)
− ln(2)
c
(28)
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B Results of the roughness measurements
In the following tables are the results of the roughness measurements presented.
All values are of chain roughness (CR) and are measured in percentage. The
values presented are averages of both lengthwise and crosswise measurements
of the surface roughness
Plot 3 - morning
Chain size Before rainfall After rainfall Difference
Small 12.94 12.01 0.93
Large 12.78 11.64 1.14
Plot 3 - afternoon
Chain size Before rainfall After rainfall Difference
Small 12.01 12.41 -0.4
Large 11.64 11.38 0.26
Plot 4
Chain size Before rainfall After rainfall Difference
Small 14.1 12.39 1.71
Large 11.68 11.7 -0.02
Plot 2
Chain size Before rainfall After rainfall Difference
Small 9.9 8.9 1
Large 8.05 8.63 -0.58
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C Examples of the results of the camera mea-
surements
Figure 26: Upslope of the plot
61
Figure 27: Downslope of the plot
62
D Photos of the set-up of the experiments
Figure 28: The rainfall simulator seen from the RUC-side.
63
Figure 29: The plot
64
Figure 30: The Lechler 460.968 nozzle
Figure 31: The Danfoss Socla 11 bis RC pressure reducing valve equipped with
a manometer.
65
Figure 32: The rainfall simulator seen from the field.
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